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Introduction 

Metastasis represents the major cause of mortality in breast cancer patients. Components 

of the metastatic process can include growth at the primary site, attraction of new blood vessels 

to the primary tumor, dissemination of tumor cells in the surrounding connective tissue, 

intravasation and distribution of tumor cells in the blood stream or lymphatics, spread to axillary 

lymph nodes, extravasation across blood vessel walls and into tissue parenchyma at a secondary 

site, and growth at the secondary site. These components encompass and rely upon a large 

number of cellular functions. Cell motility is believed to be important for dissemination of cells 

from the primary tumor, intravasation, and extravasation. Proof that the motility of tumor cells is 

a key component in metastasis would be a major advance. 

We have developed a collection process that allows for the selective isolation of the 

motile population of tumor cells from a living breast tumor (1). By using an imaging technique 

we developed, we have been able to identify the motile cells within a tumor and show that 

intravasation plays a major role in the dissemination of cells during metastasis (2,3). Further, by 

comparing differential gene expression based on behavioral differences between non-metastatic 

and metastatic tumors obtained through our imaging technique, we were able to discover genes 

important to the motility pathways that were differentially expressed (4). By using a needle filled 

with matrigel and growth factors as a catheter to mimic a blood vessel, we are able to passively 

collect motile cells. We have used EOF and CSF-1 to collect both carcinoma cells and 

macrophages. This has led to discoveiy of a paracrine loop between these wto cell types that aids 

in intravasation. We also have been able to amplify the mRNA from the collected cells to further 

discover gene differences between the invasive population and the primary tumor. 



Body 

In the originally reported data from the first two reports, we showed that orthotopically 

injected adenocarcinoma cells could be actively collected using matrigel loaded needles and that 

when these needles were filled with either EGF or 10% serum that the cells where collected up to 

4-5 fold greater in number to around 1000 cells total. By doing these experiments in GFP labeled 

tumors, using our well characterized cells: MTLn3, a highly metastatic cell line and MTC, a low 

metastatic cell Kne (5,6), we were able to visualize invasive motility within the tumor and 

characterize behavorial differences between the two tumor types (2,3). Multiphoton microscopy 

has greatly enhanced the quality of the image and due to the second harmonic generation of 

matrix proteins, we have been able to fiirther characterize extracellular matrix(4). 

During the final period of the grant, we have used this behavioral analysis along with 

microarray analysis to find differentially expressed genes that correlate to behavior. Using 

multiphoton microscopy, we found 5 major differences in carcinoma cell behavior between the 

non-metastatic and metastatic primary breast tumors involving extracellular matrix, cell motility 

and chemotaxis. Behavioral differences were correlated with 7 categories of molecules that were 

differentially expressed and related to these behaviors. We have found tiiat ECM composition, 

actin nucleation factors, molecules involved in mechanical stability and survival, and cell 

polarity and chemotaxis showed large and consistent differences in gene expression. We 

conclude that aligning cell behavior in vivo with patterns of gene expression can lead to new 

insights into the micro-environment of carcinoma cells in the primary tumor and molecular 

mechanisms behind cell behavior (4). (see included manuscript) 



In fiirther examining the cell collection method we developed, we were able to determine 

that either EGF or CSF-1 collect both macrophages and carcinoma cells. Immunostaining of 

collected cells using anti-F/480, a macrophage specific protein, and anti-keratin for carcinoma 

staining, with DAPI used for all other cell types, we found that approximately 73% of all cells 

collected were carcinoma cells, 25% macrophages, and all other cell types were less than 1 %. 

By using PDl53035, an EGF receptor tyrosine kinase inhibitor, and blocking antibodies for the 

CSF-1 receptor, we were able to show that the collection of both cell types requires activity by 

both receptors. We have concluded that a paracrine loop exists between these two cell types that 

aids in the intravasasive properties of the metastatic cells. Intrvital imaging using the GFP 

labeled cells and macrophages phagocytically loaded with Texas-Red Dextran, we were able to 

visualize these two cell types along vessels in the tumor and that intravasation only occurred 

where macrophages are present. 

Combining the cell collection method with the behavioral analysis and the microarray 

gene discovery, we have been able to selectively discover genes that are differentially expressed 

between the invasive cells and the carcinoma cells that make up the tumor. This is done by 

magnetically removing the macrophages from the cell collected sample and using Clontech's 

SMART technology to amplify the mRNA to a usable cDNA. Cells from the tumor can be FACS 

sorted due to their GFP fluorescence. The genes that are differentially expressed between the two 

populations are put through a supervised selection based on the behavioral analysis reported 

above. 

From this analysis, we have found several important genes that we will continue to study 

that are important markers for cell motility and intravasation. 



In our original application, we reported that we would use laser capture microdissection 

as a secondary means to collect cells. We found that our collection method was so successful and 

ultimately selective that we felt it imnecessary to further pursue laser capture microdissection. 

Laser capture microdissection involves the subjective selection of cells based on their 

morphology. This means that cells selected may not be invasive but only appear to be in fixed 

material. Our method uses live material, still in the animal to use chemotaxis to select only the 

truly invasive cells. 

Key Research Accomplishments 

• Behavioral analysis based on visualized differences between metastatic and non- 
metastatic tumors using GFP and multiphoton technologies. 

• Gene differences based on differentially expressed genes selected using the 
Behavioral differences as the basis for selection. 

• Chemotactic collection of cells fi-om living tumors using matrigel and EGF, CSF- 
1 or serum filled needles. 

• The discovery of a paracrine loop between carcinoma cells and macrophages 
using our cell collection technique. 

• Gene differences between the invasive population and the whole tumor using cell 
collected by our method that are possibly important markers for metastasis. 

Reportable Outcomes 
Manuscripts: 

Wyckoff, J. Segall, J., and Condeelis, J. (2000) The collection of the motile population of cells 
from a living tumor. Cane. Res. 60:5401-5404 

Wang, Wyckoff, Frolich et al (2002) Single cell behavior in metastatic primary tumors correlated 
with gene expression patterns revealed by molecular profiling. Can. Res. 62:6278-6288. 

Abstracts: 

Wyckoff, J., Frohlich, V., Jones, J., Segall, J. and Condeelis, J. (2000) Imaging of primary 
tumors in whole animals using laser-based tomography. San Antonio Breast Cancer Symposium. 



Wyckoff, J., Bailly, M., Jones, J., Segall, J. and Condeelis, J. (2000)The rate limiting step in 
metastasis: In vivo analysis of intravasation at the primary tumor., San Antonio Breast Cancer 
Symposium. 

Wang, W., Wyckoff, J., Zhou, P., Segall, J., and Condeelis, J. (2001) Use of SMART cDNA 
probe synthesis in array based gene expression profiling to characterize the invasive 
subpopulation of carcinoma cells in primary tumors. Molecular Targets and Cancer 
Therapeutics, AACR, Miami, Fl. 

Wang, W. Wyckoff, J., Segall, J,, and CondeeKs, J.(2002)Gene expression Analysis Using 
cDNA microarrays on small numbers of invasive cells collected from primary tumors. Era of 
Hope, Dept, of Defense Breast Cancer Research, Orlando, Fl. 

Presentations: 

Invited seminars by J. Wyckoff, W. Wang, J. Segall, J. Condeelis, J. Pollard at NCI workshops, 
imiversities and scientific meetings. 

Funding applied for: 

NIH/NCIR21/R33 : Novel Imaging Methods for Gene Discovery in Cancer, J. Condeelis P.I., J. 
Segall CO-P.I. (funded) 

NIH/NCI POl: Motility and Invasion, J. Condeelis P.L, (submitted) 

Conclusions 

We have developed a cell collection method that allows for the active and selective 

collection of the invasive population of cells from living tumors. Using GFP-labeled cells and 

multiphoton technology, we are directly able to classify behavioral differences between 

metastatic and non-metastatic tumors and image the collection of the invasive cells. Also, we 

have discovered a paracrine loop that exists between carcinoma cells and macrophages. On these 

collected cells, we have performed supervised gene discoveries that shed light on the 

differentially expressed genes involved in the invasive pathways and that drive the paracrine 



loop. These novel methods will hopefully lead to new gene targets for the fight against cancer 

based on cell motility and cell signaling. 
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The Rate-Limiting Step in Metastasis: In Vivo Analysis of Intravasation at the Primary 
Tumor. 

WyckoffJB, Bailly M, Jones JG, Condeelis JS, SegallJE. Anatomy and Structural Biolo^ 
Pathology, Albert Einstein College of Medicine, Bronx, NY. 

Determination of the rate-limiting step in tumor cell metastasis is critical for evaluating the cell 
mechanisms controlling metastasis. Using GFP transfectants of the metastatic MTLn3 and non- 
metastatic MIC cell lines derived from the rat mammary adenocarcinoma 13762 NF, we have 
measured tumor cell density in the blood, individual cells in the lungs, and lung metastasis. 
Correlation of blood burden with lung metastases indicates that entry into the circulation is a 
rate-limiting step for metastasis for both metastatic and non-metastatic cell Unes, Consistent with 
previous work, cell arrest in the lungs is efficient, while growth of metastases in the lungs is 
inefficient. To examine cell behavior at the critical step of intravasation, we have used GFP 
technology to view these cells in time lapse images within a single optical section using a 
confocal microscope (see abstract by Condeelis et al.). In vivo imaging of the primary tumors of 
MTLnS and MTC cells indicates that both metastatic and non-metastatic cells are motile and 
shoe protrusive activity. However, metastatic cells show greater orientation towards blood 
vessels, and larger numbers of host cells within the primaiy tumor, while non-metastatic cells 
show greater fragmentation. Metastatic cells show chemotactic responses to EOF in vitro, and 
such responses in vivo may enable metastatic cells to avoid fragmentation and thus enhance their 
ability to survive entry into the circulation. These results demonstrate that cell-based assays for 
determination of cell properties in vivo are necessary for dissection of the metastatic process. 
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Imaging of Primary Tumors in Whole Animals Using Laser-Based Tomography. 

WyckoffJB. Frohlich V, Jones JG, SegallJE, Condeelis JS. Anatomy and Structural Biolo^ 
Pathology, Albert Einstein College of Medicine, Bronx, NY; Optical Imaging Center, University 
of Texas Health Science Center, San Antonio, TX. 

We have developed a model in which the motility, adhesion and cell-cell interactions can be 
examined in live primary tumors in whole animals. Subcutaneous injection of GFP-expressing 
cells with graded metastatic potential into the mammary fat pad of female Fischer 344 rats 
generates primary tumors that fluoresce when GFP excited. Moving cells are imaged in the live 
rats under anesthesia, with either a laser scanning confocal or a multiphoton microscope. 
Imaging at high resolution in the non-metastatic and metastatic tumors demonstrates significant 
diiferences between the two which account for differences in metastatic potential (see abstract by 
Segall et al.). Non-metastatic tumors are more fibrous and less necrotic with tumor cells that are 
highly polarized and less motile. Metastatic tumors are more necrotic with tumor cells that are 
unpolarized except near blood vessels where they are highly polarized with cell protrusions 
toward the vessel. Metastatic cells move in groups or streams of cells suggesting a preferred 
micro-environment for locomotion and probable chemotaxis in vivo. Comparison of imaging 
with the laser scaiming confocal and multiphoton microscopes demonstrates the greater imaging 
depth of the multiphoton microscope (~10x) in these breast tumors. This allows direct and rapid 
observations of the blood vessel distribution in primary tumors, Muhiphoton imaging also 
permits visualization of extracellular matrix directly due to its autofluorescence in the near UV 
allowing the observation of cell adhesion and proteolysis in vivo and its correlation with cell 
motility. This is the first model that allows direct observations of metastasis in an intact 
orthotopically grown primary tumor while in the live animal. 
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Use of SMART cDNA probe synthesis in array based gene expression profiling to 
characterize the invasive subpopulation of carcinoma cells in primaiy tumors. 

W. Wang, J.B. Wyckoff, P. Zhou, J. E. Segall, J. S. Condeelis.   Albert Einstein College of 
Medicine, Bronx, NY. 

We have developed metastasis models in rats and mice that are clinically relevant in that 
they resemble human breast tumors in etiology and histology, permitting real time multiphoton- 
based imaging of the behavior and interactions of metastatic tumor cells in the primary tumor in 
vivo. Our previous work has demonstrated that needles filled with growth factors and Matrigel, 
when inserted into the primary tumor, can faithfully mimic the environment that supports 
invasion and intravasation in vivo. The most efficient cell collection requires the presence of 
chemotactic cytokines such as EGF and serum components and occurs with 15 fold higher 
efficiency in metastatic tumors compared to non-metastatic tumors. This indicates that 
additional factors besides random cell motility are required to explain differences in cell 
collection efficiencies between metastatic and non-metastatic tumors. Recently, large scale 
nucleic acid arrays have become very usefiil tool to investigators exploring differences in gene 
expression between cell types, stages of differentiation, or cellular responses to stimuli and 
changes in environment. The fiision of chemotaxis based cell collection with array based gene 
expression analysis has the potential to identify the genes necessary for individual steps of 
invasion at the cellular level, and for the rational interpretation of gene expression patters in 
metastatic tumors. One drawback to the array technique is the need to isolate and purify 
microgram amounts of poly(A)+ RNA or around 100 microgram total RNA to generate the 
appropriate probe. In our study, the amount of available cells is very limited. Typically, needle 
collection yields about 1,000 cells containing 30-50 ng of total RNA, well below the amounts 
needed for arrays. In this study, to validate the use of PCR-amplified full-length cDNA for array 
based gene expression analysis, SMART cDNA synthesis technology (Clontech) was used. Full- 
length cDNA generated from the RNA pool fi-om 1,000 cells was PCR amplified, and then the 
amplified cDNA was used as a hybridization probe. As quantitated by real time PCR, the 
relative abundance of genes is maintained during the SMART PCR amplification. We compared 
the expression profile of 9,000 genes for the total RNA method to that obtained with SMART 
PCR probe. The results fi-om triplicate experiments showed that SMART cDNA probe yields 
gene expression profiles that represent the majority of transcripts detected with conventional 
methods. By further comparing the gene expression patterns of cells collected by invasion into 
needles with that of cells obtained from the whole primary tumor, the blood, and whole 
metastatic tumors, genes that contribute to the invasive process uniquely may be identified. 
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Gene Expression Analysis Usinn cDNA Microarrays on Small Numbers of Chemotactic 
Cells Collected From Primaiy Tumors. 

Weigang Wang, Jeffreey B. Wyckoff, Jeffrey E. Segall and John S. Condeelis 

We have developed metastasis models in rats that are clinically relevant in that they resemble 
human breast tumors in etiology and histology, permitting real time multiphoton-based imaging 
of the behavior and interactions of metastatic tumor cells in the primary tumor in vivo. Our 
previous work h^ demonstrated that microneedles filled with growth factors and Matrigel, when 
inserted into the primary tumor, can faithfully mimic the environment that supports invasion and 
intravasation in vivo. The most efficient cell collection requires the presence of chemotactic 
cytokines such as EGF and serum components and occues with 15-fold higher efficiency in 
metastatic tumors compared to non-metastatic tumors. We have been able to refine the methods 
necessary for coUectinf invasive cells fi-om the primary tumor and we can characterize the 
collection process by direct intravital imaging using the multiphoton microscope. We have been 
able to position the microneedles in random areas of the tumor allowing a survey of different 
microenviroments within the tumor. The experimental approach has allowed us to obtain 
evidence for a paracrine interaction between carcinoma cells and macrophages that increases the 
invasive potential of the carcinoma cells and the metastatic potential of the tumors. 

The fixsion of the chemotaxis based cell collection with array based gene expression analysis has 
the potential to identify the genes necessary for individual steps of invasion at the cellular level, 
and for the rational interpretation of gene expression patterns in metastatic tumors. One 
drawback to the array technique is the need to isolate and purify microgram amounts of poly(A)+ 
RNA or aroimd 100 micrograms total RNA to generate the appropriate probe. In our study, 
microneelde collection yields about 1,000 cells containing 30-50 ng of total RNA, well below the 
amounts needed for arrays. In tiiis study, to validate the use of PCR-amplified full length cDNA 
for array based gene expression analysis, SMART cDNA synthesis technology (Clontech) was 
used. Key to this alternative approach is the reproducible and representative synthesis of cDNA 
probes that retain faithfully the complexity of the mRNA population present in the original 
sample. We compared two approaches for synthesizing cDNA probes fi"om total RNA for use 
with subsequent hybridization to high density cDNA microarrays: 1) the conventional approach 
of reverse transcription (RT) of 100 ug of total RNA fi-om cultures of carcinoma cells, and 2) 
RT-PCR of ~30ng ot total RNA from 1000 carcinoma cells using the SMART system. The 
results demonstrate that, for situations of limited RNA, the SMART probe synthesis method 
retains the original mRNA message profile, and is suitable for gene expression profiling of 
invasive cells collected in microneedles. This technology will allow the characterization of gene 
expression patterns of tumor cells within the primary tumor during invasion and in response to 
varying genetic backgrounds. It will also make possible the identification of paracrine and other 
microenviroment-dependent interactions that contribute to the invasive process. 
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Advances in Brief 

The Collection of the Motile Population of Cells from a Living Tumor 

Jeffrey B. Wyckoff, Jeffrey E. Segall, and John S. Condeelis* 
Departments of Anatomy and Structural Biology, Albert Einstein College of Medicine, Bronx, New York 10461 

Abstract 

In this study, we report that needles containing chemoattractante can 
be used to collect the subpopnlation of motile and cliemotactic tamor cells 
from a primary tumor in a live rat as a pure population suitable for 
further analysis. The most efflcient cell collection requires the presence of 
chemotactic cytokines, such as epidermal growth factor and serum com- 
ponents, and occurs with 15-fold higher efficiency in metastatic tumors 
compared with nonmetastatic tumors. Although tumor cells of the non- 
metastatic tumors show a motility response to serum, they were not 
coUected with hi^ efliciency into needles in vivo in response to serum, 
indicating that additional factors besides motility are required to explain 
differences in cell collection effldendes between metastatic and nonmeta- 
static tumore. The results reported here indicate that needles filled with 
growth factors and matrigel, when inserted into the primary tumor, can 
faithfully mimic the environment that supports invasion and intravasation 
in vivo. Furthermore, the resnlte indicate that the same cell behaviors that 
contribute to chemotaxis in vitro also contribute to invasion in vivo. 

Introduction 

Metastasis involves the escape of cells from the primary tumor 
either via lymphatics or blood vessels, transport to and arrest in a 
target organ, and growth of metastasis in the target organ (1). Bach of 
these steps is a muMcomponent process, with potentially diiferent 
tumor cell properties anfl molecules playing critical roles at different 
steps (2). Recently, emphasis has been on the development of molec- 
ular arrays to identify new genes and proteins that contribute to 
specific steps in metastasis. Such approaches are crucial in the ana- 
lysis of caflcer as a genetic disease and in the identification of key 
genes that might be used in diagnosis and therapy. However, array- 
based approaches treat the tumor as a black box. Ideally, high- 
resolution methods for the analysis of metastasis at the cellular level, 
such as imaging of cells within tumors, when Combined with array- 
based approaches, could be used to accurately evaluate the roles of 
specific gene products in the individual steps of metastasis at the 
cellular level. The use of Laser Capture Microdissection as a front eitd 
for array-tased gene discovery is such a fusion approach (3). How- 
ever, some of the cell behaviors that are believed to be essential for 
metastasis, such as adhesion and motility (4, 5), cannot be used as 
criteria in the selection of cells for analysis from fixed material 
because the behavior and history of individual cells cannot be inferred 
from fixed material. Methods for the collection of cells from Uving 
tumors in which key cell behaviors can be observed and used as the 
criteria for cell collection need to be developed. One such cellbehav- 
ior is the chemotaxis of tumor cells. Metastatic tumor cells are 
believed to chemotax to cytokines that are normally found in associ- 
ation with blood vessels (6-8). We developed a cell graft breast 
tumor metastasis model in rats that is syngeneic and orthotopic that 
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permits the imaging and tracking of cell behavior in Uve tumore (8,9). 
Using this model, we have observed, in metastatic primary tumors, the 
highly pereistent linear locomotion of a subpopulation of tumor cells 
toward blbod vessels in vivo using intravital imaging. This locomotion 
resembles the chemataxis of cells observed in culture (9, 10) and is 
correlated with metastatic potential (10,11). Tumor cell chemotaxis is 
also correlated with the accumulation of metastatic tumor cells 
around, and their polarization toward, blood vessels in the primary 
tumor. Furthermore, chemotaxis is correlated with the efficient intra- 
vasation into, and survival of tumor cells in, the systemic circulation 
(8). Because these properties are not observed in nonmetastatic tumora 
prepared fi-om cells in the same way (7, 8), polarization and chemo- 
taxis toward blood vessels are beUeved to be important in intravasa- 
tion and metastasis (8). In this study, we report that chemotaxis can be 
used to advantage to collect the subpopulation of motile and chemo- 
tactic tumor cells from a primary tumor in vivo as a pure population 
suitable for further analysis. 

Materials and Methods 

Serum Upshift of Cells in Vitro. MTLn3-GFP and MTC-GFP cells were 
plated in 35-mm dishes at a density of 50,000 cells per dish 18 h befoietthe 
experiment. On the day of the experiment, cells were starved for 3 h in 2 ml 
of MEM containing HEPES and 0.69% BSA, which is the isotonic equivaient 
of 10% FBS^. The upshift was performed as described before (12), with the 
exception that the cells were stimulated with 10% FBS. Briefly, the dishes 
were covered with a thin layer of heavy mineral oil (Sigma #400-5) and placed 
in an enclosed microscope preheated to 37°C. Using a CCD camera, siiigle- 
frame images were collected using NIH hnage every minute. After 4 min, 2 ml 
of MEM with HEPES and 20% FBS were added to the dish, and image frames 
were collected for an additional 16 min.      ■ , 

In Vitro Cell Collection. MTLn3 cells were plated in a 35-mm dish 18 h 
before the experiment to be 60-80% confluent at the time of the experiment. 
On the day of the experiment, cells were starved using MEM-BSA, the isotonic 
equivalent of 5% FBS, for 2 h. During this time, 26-gauge syringe needles 
were prepared by filliiig them with 10 jil of Matrigel mixed 1:1 with MEM- 
BSA or MEM-BSA containing EOF for a final concentration of 0.5 nM, 2.5 HM, 

5 nM, 25 nM, 50 nM, or 250 nM EOF. After starvation, the needles were attached 
to the side of the plate using paraffin to hold them in place with die bevel of 
the needle facing the bottom of the plate so that the matrigel was in contact 
wifli the surface of the plate. Dishes were placed into a 37°C/3.0% COj 
incubator for up to 6 h. After this time, the contents of each needle was 
extruded into a new 35-niim dish containing MEM wifli 5% FBS (growfli 
medium). Cells that had entered the needle were allowed to grow into clones 
for 6 days to determine cell count and viability. Positive clones, checked by 
GFP fluorescence and cell morphology, were then counted. ; 

To image the cells moving toward the needle, a dish was plated for 40-50% 
confluency before the experiment. Cells were starved, and a needle was 
prepared as above containing matrigel mixed 1:1 with MEM-BSA containing 
25 nM EOF. Images as single frames were taken usmg die heated microscope 
and NIH Image every 30 min, as described above. The dish was kept in a 
37°C/5% CO2 incubator between images. 

In Vivo Cell Collection. MTLn3-GFP and MTC-GFP cells were injected 
into female Fischer 344 rats, as described before (8, 9), and tumors were 

^ The abbreviations used are: FBS, fetal bovine serum; MEM-BSA, MEM with 0,35% 
BSA; EOF, epidermal growth factor; i.d,, inside diameter; GFP, green 0uorescent protein. 
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allowed to grow for 2.5 weeks. On the day of the experiment, 33-gauge needles 
were prepared as above by filling them with matrigel and MEM-BSA, MEM- 
BSA with a final EOF concentration of 25 nM, or MEM-BSA with a final FBS 
concentration of 10%. All needles included 0.01 mM EDTA (pH 7.4) to 
sequester heavy metals that might be released by the needle. A rat was 
anesthetized using 5% isoflurane and laid on its back. The isoflurane was 
reduced to 2%, and a small patch of skin over the tumor was removed. Three 
25-gauge needles (guide needles) with blocking wires were inserted to a depth 
of 2 mm. The blocking wire was removed, and one of the matrigel-filled 
needles was inserted into each guide needle (as shown in Fig. 3). The needle 
was then left in the tumor for 6 h. The isoflurane concentration was slowly 
lowered to 0.5% during the course of the experiment to keep the rat's breathing 
even and unlabored. After 6 h, the needles were withdrawn, extruded into 
35-mm dishes containing growth medium, and all cells were counted imme- 
diately. The percentage of cells with GFP fluorescence was determined. 

As a control for the effects of matrigel, a 33-gauge needle was filled as 
above with MEM-BSA and agarose, for a final concentration of 1%, and the 
in vivo experiment was performed as above. 

Results 

In Vitro Cell Collection. As has been shown previously, MTLn3 
cells are chemotactic to EGF with an optimum concentration at 5 HM 

EGF (12). Also, it has been shown that MTLn3 cells, when placed in 
a gradient generated using a pipette filled with 50 /IM EGF, will orient 
toward and locomote in the direction of the pipette exhibiting true 
amoeboid chemotaxis (10). MTLn3 cells are metastatic when rein- 
jected into the mammary fat pad of a Fischer 344 rat. We prepared an 
artificial microenvironment using microneedles filled with matrigel 
and either EGF or serum as the chemoattractant to simulate invasion 
and intravasation into a container that could be withdrawn to collect 
the chemotactic/invasive subpopulation of cells. 

To establish the concentration necessary to attract MTLn3 cells into 
the needle, needles were filled with a range of EGF concentrations 
from 0.5-250 HM and inserted into a cell culture. At times up to 6 h 
of collection, the needles were withdrawn from the culture and the 
contents were extruded into a new dish with growth medium, and the 
cells were allowed to grow for 6-7 days to determine cell counts and 
test viability. The number of cells entering the needle was determined 
by the number of GFP fluorescent clones that grew during this time. 
At the peak concentration of 25 nM EGF, an 8-fold increase in the 
number of cells entering the needle was seen, when compared with 
buffer alone (Fig. 1). The number of cells collected decreased at 50 UM 

EGF, and by 250 nM EGF the number of cells collected returned to 
near background. 
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Fig. 1. Tumor cells are collected into matrigel-containing needles in respon.se to EGF. 
Cells in culture were collected in needles containing matrigel and differing concentrations 
of EGF. The maximal number of cells was collected into the needle containing 25 nM 
EGF. Cell numbers were normalized to MTLn3 cells collected with matrigel in buffer. 
Bars, the SE of three experiments. 

Fig. 2. Tumor cells chemotax toward needles containing EGF. Cells are seen orienting 
and moving toward a needle containing matrigel and 25 nM EGF. By 1.5 h after the needle 
was placed in the culture dish, cells 1 and 2 have already oriented themselves toward and 
have moved in the direction of the needle, whereas cell 3 has entered the field of view. By 
3 h, cells 1 and 2 have reached the matrigel edge. The edge of the matrigel (*) is delineated 
by the white line and shown in gray. Only motile cells within the field are numbered. The 
average velocity of the cells is 0.32 ± 0.03 (im/min. 

The differences in EGF concentration optimum for cell response 
between the upshift (5 nM; Ref. 12), the pipette experiment (50 JU,M; 

Ref. 10), and the collection experiment reported here (25 nM) can be 
explained by the differences in diffusion of EGF in the different 
experimental designs. In the upshift, there is no gradient involved and 
the cells see an equal and constant concentration of EGF. For the 
pipette experiment the gradient is created by a pipette with an i.d. of 
< 1 /Lim, and the concentration outside of the pipette is only a fraction 
of the concentration in the pipette. For the in vitro cell collection 
experiments reported here the i.d. of a 26-gauge needle is 250 /xm; 
hence, a larger percentage of EGF is delivered per unit time so that a 
much lower EGF concentration is necessary than in the pipette ex- 
periment (10). 

By using a needle loaded with matrigel and 25 nM EGF in MEM- 
BSA, we were able to capture images of the cells moving toward the 
pipette, using time-lapse video-microscopy. In Fig. 2, the matrigel 
surface at the edge of the needle is delineated by the white line and 
colored gray. At time zero, cells 1 and 2 are seen as nonpolarized cells 
with no discemable leading edge. After 1.5 h, cells 1 and 2 have 
oriented themselves toward and moved in the direction of the needle- 
induced EGF gradient, extending a leading lamellapod toward the 
needle. Cell 3 has also moved into the field. After 3 h, all three cells 
can be seen to have moved measurably closer to the needle. The cells 
move toward the needle at a velocity of 0.32 /xm/min, which is 
comparable with the velocities reported previously (10). 

In Vivo Cell Collection. To determine whether cells can be col- 
lected from tumors in vivo and, if so, if there is a difference in 
collection efficiency of cells from nonmetastatic and metastatic tu- 
mors, experiments were performed by placing needles into the pri- 
mary tumors generated by either the nonmetastatic MTC-GFP or the 
metastatic MTLn3-GFP cell lines. For this, a 33-gauge needle (i.d., 
102 fim) was filled as above and inserted into the guide syringe after 
a blocking wire was removed (as modeled in Fig. 3). The needles were 
filled with matrigel plus either buffer, 25 nM EGF, or 10% FBS. The 
10% FBS was used because the motility of both MTLn3 and MTC 
cells is stimulated in response to 10% serum (data not shown). After 
6 h of collection, needles were withdrawn and the contents of each 
was extruded into a 35-mm dish containing growth medium, and 
collected tumor cells were determined by GFP fluorescence. To 
confirm that only GFP-labeled cells were in the needle, 1 jag/ml DAPI 
(4',6-diamidino-2-phenylindole) was added to the dish to stain all 
cells. All DAPI-stained nuclei were in GFP-labeled cells, indicating 
that only tumor cells were collected. 

The number of cells collected for each condition was normalized to 
the number of cells collected from the MTC-GFP tumors using 
needles containing matrigel plus buffer (MEM-BSA) only (Fig. 4). 
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Fig, 3. Method for using needles for in vivo cell collection. Needles (i.d., 102 pm) 
filled with matrigel and buffer, 25 HM EOF, or 10% FBS are shown placed in 25-gauge 
guide needles that are inserted into the primary tumor of an anesthetized rat. 

For the needle with 25 nM EOF, 15.3 times more MTLnS cells were 
collected from metastatic MTLn3 tumors compared with MTC cells 
from nomnetastatic MTC tumors under the same conditions of col- 
lection. In this case, a maximum of 100 ceDs was collected. Needles 
containing 10% FBS showed only a 6.0-fold difference between the 
two tumor types under the same conditions (Fig. 4). There was a 
2-fold increase in the number of MTC cells entering the 10% FBS 
needle from the MTC tumore compared with the number of cells that 
entered the needle containing only buffer. This difference was shown 
to be significant (t test value, 0.027) and is consistent with the increase 
in motihty of MTC cells when stimulated with 10% FBS in vitro (data 
not shown). We did not attempt to establish long-term cultures of 
tumor cells collected from the tiunors in vivo under any of these 
conditions. 

In addition, in needles containing only buffer, 4.3 times more tumor 
cells were collected from MTLnS tumors than from MTC tumors (Fig. 
4). To determine whether this was due to a eel response to matrigel, 
a needle was filled with either 1% agarose containing MEM-BSA or 
1% agarose containing 10% FBS in MEM-BSA. MTLn3 cells are able 
to adhere and grow on agarose. However, agarose was chosen because 
it is a polysaccharide that caimot be degraded by proteases. The 
nimiber of cells entering the agarose needles was at background for 
both the 10% FBS-containing needle (data not shown) and the needle 
with buffer alone (Fig. 4), indicating that either components within the 
matrigel or the degradation of matrigel provides a chemotactic signal 
to the cells. 

The collection of cells from the MThi3 tumors was maximal with 
needles containing 25 UM EOF, resulting in the coDection of about 100 
cells in 6 h. Because the diameter of the 33-gauge collecting needle is 
100 um and the average cell diameter is 25 um, the calculated average 
velocity of cell motility required to account for the collection of 1(M 
cells in 6 h is 0.3 um/min. This value is very close to the velocity of 
cell locomotion observed in vitro during chemotaxis (Fig. 2). 

Discuffiion 

In this study, we report that needles containing chemoattractants 
can be used to collect the subpopulation of motile and chemotactic 
tumor cells from a primary tumor in vivo as a pure population suitable 
for fiirther analysis. Our results demonstrate that tumor cells are 
collected mto needles that have been inserted into a primary tumor 
when they contain either serum, EGF, or matrigel but not agarose, 
indicating that a tactic signal is required for collection. The most 
dramatic accumulation of cells in the needles occurs in response to 
either EGF or semm. EGF is known to be a chemoattractant for 
MTLn3 cells (10), whereas serum stimulates the motility of both 
MTLn3 and MTC cells. However, matrigel was sufficient to collect 
cells above background, mdicating that either the matrigel contains 
cytokines that are chemotactic for these cells or that Umited proteo- 
lysis resulting from the interaction of the matrigel with the tumor is 
sufficient to generate a gradient of chemotactic peptides. Either pos- 
sibility is consistent with the known properties of matrigel (13-15). 
Furthermore, MTLn3 cells have a 4-fold greater activity compared 
with MTC cells (16), which may explain the increase in the number 
of MTLn3 cells collected into the needles containing matrigel com- 
pared with that for MTC cells. 

Both EGF and transforming growth factor « are growth factors 
found in mammary tissue. MTLn3 cells have around 50,000 EGF 
receptors/cell, whereas EGF receptors on the MTC cells are not 
detectable (9). By using EGF as the chemoattractant, we were able to 
selectively collect 15 times as many metastatic MTLn3 cells from 
MTLnS-derived metastatic primary tumore as MTC cells from MTC- 
derived nonmetastatic tumors. Serum, which contains many growth 
factors with potential chemotactic activity, also stimulated the collec- 
tion of tumor cells from MTLn3 tumors. Although MTC cells show a 
motihty response to serum, they were not collected with high effi- 
ciency into needles in response to serum, indicating that additional 
factore besides motihty are required for the large increase in the 
number of MTLn3 cells collected in response to serum. 
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Fig. 4. Metastatic cells (MTLnS) are more efficient than nonmetastatic cells (MTC) at 
entering matrigel-filled needles in response to EGF in vivo. Cells were collected from 
metastatic (MTLn3) and nonmetastatic (MTC) tumors using the in vivo experiment shown 
in Fig. 3. The maximum response was for cells from the metastatic MTLn3 tumors into 
EOF- and serum-containing needles. Cells were collected above background from meta- 
static tumors in response to matrigel in buffer but not agarose. All counts were normalized 
to MTC cells collected with matrigel in buffer. Bars, the SB of four experiments. 
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Morphologically, MTC cells are elongated and polarized both in 
vivo and in vitro, whereas the MTLn3 cells are generally unpolarized 
both in culture and in the primary tumor (8, 11). This difference is 
most dramatically illustrated by using intravital imaging techniques 
where GFP-expressing tumor cells are imaged directly in the primary 
tumor (8, 9). In vivo, MTLn3 cells are highly polarized around and 
oriented toward the blood vessels running through the primary tumor. 
MTC cells, on the other hand, are polarized throughout the tumor, but 
the polarity is randomly oriented relative to vessels (8, 11). 

Characterization of the cells in vitro confirms the differences be- 
tween the two cell lines. In cultures that have not been stimulated with 
a chemoattractant, MTC cells locomote in a linear direction at ap- 
proximately twice the velocity of MTLn3 cells. MTLn3 cells, under 
these conditions, are unpolarized and move in random directions or 
not at all (11). On stimulation with an EGF gradient, the MTLn3 cells 
become polarized and move linearly at approximately the same speed 
as the MTC cells, yet have the ability to reorient themselves to follow 
an EGF gradient with precision (10), a property not seen in MTC 
cells. 

In vivo, in the primary tumor, both cell types move linearly at 
approximately the same speeds, but the MTLn3 cells tend to move 
only when they are polarized and in association with a vessel, whereas 
MTC cells can be seen moving throughout the tumor (8, 9). The 
ability of the MTLn3 cells to invade into a needle filled with matrigel 
in response to growth factors is fully consistent with the chemotactic 
motility exhibited by these cells in vitro, their polarity and locomotion 
toward vessels in vivo, and with the dramatically increased efficiency 
of intravasation measured as blood burden of tumor cells in vivo (8). 
This suggests that chemotaxis may be the key aspect of cell motility 
that contributes to invasion and intravasation. It also suggests that 
needles filled with growth factors and matrigel, when inserted into the 
primary tumor, can faithfully mimic the environment that supports 
invasion and intravasation in vivo, and that the same cell behaviors 
that contribute to chemotaxis in vitro also contribute to invasion in 
vivo. 

An advantage of using the needle collection technique described 
here for the collection of cells for genomic/proteomic analysis is that 
the cell behavior can be characterized during the collection process. 
This can be done by varying the conditions required for cell collection 
such as the extracellular matrix composition and/or cytokines used as 
chemoattractants, determining how these changes affect efficiency of 
cell collection, and then relating these observations to the gene ex- 
pression and protein composition patterns subsequently obtained from 
array analysis of the collected cells. Furthermore, cells can also be 
characterized by intravital imaging during collection to directly visu- 
alize the cell-cell and cell-extracellular matrix interactions that con- 

tribute to the invasion of the needle under these different conditions. 
In addition, cells could be cultured and transplanted into other host 
animals to determine whether they stably retain differential charac- 
teristics that contribute to metastatic potential. Finally, by comparing 
the gene expression patterns of cells collected by invasion into needles 
with that of cells obtained from the whole primary tumor, the blood, 
and whole metastatic tumors, genes that contribute to the invasive 
process uniquely may be identified. 
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ABSTRACT 

We have developed animal models of breast cancer that allow the direct 
examination of the behavior of individual green fluorescent protein- 
expressing carcinoma cells in live nonmetastatic and metastatic primary 
tumore in situ. We have combined this model with multiphoton micros- 
copy to image differences in cell behavior within the primary tumor. 
Differences in cell behavior between nonmetastatic and metastatic cells in 
culture and within live primary tumors were correlated with results from 
cDNA microarray analyses to identify potentially important genetic de- 
terminants for breast cancer invasion and metastasis. Using multiphoton 
microscopy, we found five major difference in carcinoma cell behavior 
between the nonmetastatic and metastatic primary breast tumors involv- 
ing extracellular matrix, cell motility, and chemotaxis. Behavioral differ- 
ences were correlated with seven categories of molecute that were differ- 
entially expressed and related to these behaviors. We have found that 
extracellular matrix composition, actin nucleation factors, molecules in- 
volved in mechanical stability and survival, and cell polarity and chemo- 
taxis showed large and consistent differences in gene expression. We 
conclude that aligning cell behavior in vivo with patterns of gene expres- 
sion can lead to new imights into the microenvironment of carcinoma cells 
in the primary tumor and the molecular mechanisms behind cell behavior. 

INTRODUCTION 

Metastasis is believed to involve the escape of carcinoma cells from 
the primary tumor via lymphatics and blood vessels, transport to and 
arrest in a target organ, and growth of metastases in the target organ 
(1). Each of these steps is a multicomponent process, with families of 
molecules playing critical roles at different steps. Much work has 
gone into characterizing metastasis at the late steps from extravasation 
onward using experimental metastasis, in which carcinoma cells are 
injected into the circulation of host animals (2, 3). This has led to 
insights into the adhesion, proteolysis, and proliferation mechanisms 
that cause metastatic tumors. However, the primary tumor has re- 
mained a black box at the single-cell level. 

The development of high-density molecular arrays has led to the 
identification of new genes and proteins that contribute to specific 
steps in metastasis within the primary tumor (4, 5). Such approaches 
are crucial in the analysis of cancer as a genetic disease and in the 
identification of patterns of gene expression that might be used in 
diagnosis and therapy. However, array-based analyses of whole tu- 
mors still treat the tumor as a black box. The discovery of specific 
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genes that correlate with metastatic potential cannot be related to 
mechanism unless the metastatic step at the cellular level in which the 
gene is involved is identified. Ideally, high-resolution methods for the 
analysis of metastasis at the cellular level, such as imaging of cells 
within tumors, when combined with array-based approaches, could be 
used to accurately evaluate the roles of specific gene products in the 
individual steps of metastasis. To this end, the development of laser 
capture microdissection has been an important advance (6). However, 
the identification of cells within the tumor relies on morphology 
within fixed tissue, making the identity of the collected cells and their 
behavior within the tumor before fixation uncertain. Therefore, we 
have developed high-resolution methods for imaging cells within 
tumors. 

We have used a model of breast cancer that allows the direct 
examination of the behavior of individual carcinoma cells in live 
nonmetastatic and metastatic primary tumors in situ (7, 8). The 
nonmetastatic and metastatic tumor cell lines used to create the tumors 
by s.c. injection are the MTC and MTLn3 cell lines, respectively. 
These cell lines represent a well-characterized cell pair that were 
derived from the same original tumor and retain their relative meta- 
static phenotypes after prolonged culture (9,10). These cell lines were 
engineered to constitutively express GFP^ (7). Upon s.c. injection of 
these cells into the mammary fat pad of female Fischer 344 rats, 
primary tumors form that contain fluorescent carcinoma cells. Fur- 
thermore, GFP expression does not affect the growth, histology, and 
metastasis of the primary tumor (7, 11, 12). With this model, the 
behavioral phenotypes of cells within metastatic and nonmetastatic 
tumors have been described and differentiated (7,9). In principle, this 
model can be extended to any type of tumor cell that grows as a 
primary tumor s.c. It was the first model that allowed direct observa- 
tions of invasive and metastatic cell behaviors in intact orthotopically 
grown primary tumors while in a live animal without the need for a 
viewing window and has made the primary tumor available for direct 
analysis at the single-cell level. 

Recently, multiphoton microscopy, a powerful tool that combines 
laser scanning confocal microscopy with multiphoton excitation of 
fluorescence to create high-resolution, three-dimensional images of 
microscopic samples, has been introduced. This technique is particu- 
larly valuable in the study of cell behavior in vivo because it can be 
used to probe dehcate Hving tissues at great depths and cellular 
resolution without damaging the sample (13, 14). In this study, we 
have combined our GFP-carcinoma cell models with multiphoton 
microscopy to image differences in cell behavior within the primary 
tumor. In addition, we have correlated differences in cell behavior 
with array-based approaches to directly associate cell behavior with 
gene expression and evaluate the roles of specific gene products in the 
individual steps of metastasis. This is the first time that these tech- 

^The abbreviations used are: GFP, gieen fluorescent protein; ECM, extracellular 
matrix; QRT-PCR, quantitative real-time PCR; AECOM, Albert Einstein College of 
Medicine; NSI, net signal intensity; EGF, epidermal growth factor; EGFR, EGF receptor; 
FGF, fibroblast growth factor; IGF, insulin-like growth factor; PAK, p21/Cdc42/Racl- 
activated kinase. 
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niques have been combined in this way. It is a novel approach to gene 
discovery in invasion and has made the primary tumor available for 
direct analysis at the single-cell level. 

MATERIALS AND METHODS 

Cell Culture and Tumor Growth. Rat mammaty adenocarcinoma 
MTLn3 and MTC cell lines transfected with GFP were used in this study. Their 
metastatic potentials (high metastatic potential for MTLn3 cell line; low 
metastatic potential for the MTC cell line) have been described previously 
(9-11). Cells were maintained in a-modified MEM (Life Technologies, Inc.) 
containing 5% fetal bovine serom and antibiotics (penicillin and streptomycin). 
MTLn3 and MTC cells were injected into female Fischer 344 rats (1 X 10* 
cells/rat) as described previously, and tumors were allowed to grow for 2.5 
weeks. 

Anesthesia and Surgery of Tumor-bearing Animals, Tumor imaging 
was performed as described below. Briefly, 1 X 10* cells were injected under 
the second nipple anterior from the tail of a Fischer 344 rat and allowed to 
grow for 2.5 weeks. After 2.5 weeks, rats were placed under anesthesia with 
5% isoflurane and maintained for the course of the imaging session at 2.5% to 
0.5% isoflurane to control constant breathing. Minimd surgery was performed 
to expose the tumor by removing a small skin flap with as little damage to 
surrounding blood vessels as possible. The animal was placed on an inverted 
microscope and imaged at 960 nm for GFP fluorescence. For visualizing 
vasculature, 200 ^1 of rhodamine-dextran (2 M Dalton; Sigma Chemical Co.) 
at 20 mg/ml in Dulbecco's PBS were injected into the tail vein of the rat after 
Miesthesia but before surgery. 

Multiphoton Microscopy, A 10 W Millennium Xs laser (Spectra Physics) 
was used to run a Radiance 2000 multiphoton system (Bio-Rad, Hercules, CA) 
that gives an output of 850 mW at 960 nm. For GFP fluorescence, 960 nm is 
the optimal imaging wavelength. Time-lapsed images of GFP-labeled MTLn3- 
and MTC-generated tumors were taken at 60-s intervals for 3D min. The 
images were collected using Bio-Rad's Lasersharp 2000 software at 50 lines/s 
and a Kalman of 4. Images were processed using NIH Image 1.61/ppc and 
Adobe Photoshop. Pixel intensity of fluorescence and second harmonic- 
generated photons was quantified by subtracting the background from the total 
pixel intensity of the region of interest. 

Measurement of Cell Behavior. Cell motility and adhesion were visual- 
ized by time-lapse multiphoton microscopy by taking an image at 1-min 
intervals for at least 30 min. Each Kalman averaged image required 10 s for 
collection giving good spatial resolution for cells moving 10 jim/rain and less. 
Motion analysis was carried out using 2D DIAS image analysis software (15). 

Microarray Procedures, Total RNA was isolated from MTLn3 and MTC 
cell or tumor using Trizol reagent (Life Technologies, Inc.). The RNA quality 
was verified by electiophoresis on a formaldehyde-1.2% agarose gel. 

Microarray analysis was performed by using cDNA microarrays made at 
AECOM (16). About 9,700 mouse genes (Incyte Genomics) were precisely 
spotted onto a single glass slide. Detailed descriptions of microarray hardware 
and procedures are available online.* The use of these mouse arrays with rat 
RNA has Ijeen validated and shown to liave more than 90% correlation 
between these two species.' This result was further validated by real-time PCR 
as described in this study (Fig. 7). 

Microarray analysis was performed in three independent repeats. For each 
hybridization, cDNA targets were prepared from the RNA samples obtained 
from MTLn3 (Cy5-labeled) and the MTC (Cy3-labeled) cells or tumor. La- 
beling and hybridization were performed as follows: first-strand cDNA probes 
were generated by incorporation of either Cy3-dUTP or Cy5-dUTP (Amer- 
sham Phannacia) during reverse transcription of 100 (ig of total RNA. The 
resulting cDNA probes were purified and concentrated, denatured at 94°C, and 
hybridized to an arrayed slide overnight at 50°C. Slides were then washed in 
IX SSC/0.1% SDS for 10 min and then washed m 0.2X SSC/0.1% SDS for 
20 min. Slides were then rinsed and dried, and then they were ready for 
scanning. Data from the hybridization reactions were collected using a two- 
color laser scanning confocal microscope that was custom designed and buih 
at AECOM specifically for the maximum sensitivity necessary to measure low 

abundance mRNAs. GenePix Pro 3.0 (Axon Instruments, Inc.) was used to 
^nerate raw data files containing measurements of signal and background 
fluorescence emissions of Cy3 and Cy5, respectively, for each element. 

Quality Control, Data Analysis, and Statistics. Primary data were 
flagged using default parameters set in GenePix Pro 3.0 program. Normaliza- 
tion and data processing were performed as described previously (17, 18). 
Briefly, NSI of each spot in both channels (Cy5 as channel 1 and Cy3 as 
channel 2) was determined by subtracting the local background ftom signal 
intensity values and then subjected to log transformation. The overall intensity 
for each channel (I^^i wd 1^1,2) was calculated by taking power of the average 
of the log of the NSI for all genes. The ratio of the overall intensity in channel 
1 over that in channel 2 is calculated as r = Ichi/Ichi- The intensities for both 
channels were therefore balanced by multiplying the NSI of each spot in 
channel 2 by factor R. Under our experimental conditions, ratios of 1.6 and 
larger (up-regulated) or 0.6 and smaller (down-regulated) were chosen as 
significantly different gene expression levels between two samples hybridized 
to the same array spot (18). Genes showing consistent differential expression 
across replica arrays were extracted for fiiither analysis. These genes were 
grouped on the basis of their function in cancer invasion and metastasis by 
searching PubMed, SwissProt database,* and Online Mendelian Inheritance in 
Man databases. Functional categories were correlated with cell behavior ob- 
served in the primary tumor and in culture. 

QRT-FCR, To verify the data obtained from microarrays, QRT-PCR anal- 
ysis of selected overexpressed and underexpressed genes (ECMl, TIMP2, 
EGFR, Keratin 19, BMPl, and ZBP-l) was performed by using the iCycler 
Apparatus (Bio-Rad) with sequence-specific primer pairs for all genes tested 
(see Supplemental Table 1 for primer sequences, amplicon size and melting 
temperature). Briefly, 5 jig of total RNA were converted into cDNA and used 
for the 40-cycle 3-step PCR in the iCycler apparatus. The SYBR Green PCR 
Core Reagents system (Perkin-Elmer Applied Biosystems) was used for real- 
time monitoring of amplification. Amplicon size and reaction specificity were 
confirmed by agarose gel electrophoresis. Each PCR reaction was repeated 
three times, and the median tlureshold cycle (C^.) values were used for analysis. 
Results were evaluated with iCycler IQ Real Time Detection System software 
(Bio-Rad). 

Western Blots, MTLn3 and MTC cells were washed with ice-cold PBS 
before direct extraction in radioimmunoprecipitation assay buffer. Lysates 
were clarified by centrifugation, and protein concentrations were measured by 
bicinchoninic acid protein assay (Bio-Rad). Equal amounts of proteins were 
resolved by SDS-PAGE and transferred to nitrocellulose membrane. The 
membrane was blocked in 5% nonfat dried milk in Tris-buffered saline plus 
1% Tween 20 and incubated with primary antibodies to ZBP-l (Ref 19; p62, 
a rabbit polyclonal antibody generated against full-length chicken ZBP-l), 
EFl-a (20), or Arp2/3 (Ref 21; p34, a rabbit polyclonal antibody against 
Arp2/3 M, 34,000 subunit) for 1 h, followed by incubation with appropriate 
conjugated secondary antibody for 1 h at room temperature. Immunoreactive 
bands were detected by chemiluminescence (New England Nuclear, Boston, 
MA), according to the manufacturer's instructions. 

Differential Distribution of ZBP-l in MTLn3 and MTC, The cells were 
propagated in serum and fixed and stained with anti-p62 antibody that detects 
ZBP-l. The tumors were grown in rats for 3 weeks after cell injection, and then 
they were surgically removed, sliced into approximately 1-mm shces, covered 
in OCT compound (Electron Microscopy Sciences), and froren in isopentane 
on dry ice and ethanol. Then the tissue was cryosectioned into slices of 7-10 
ftm. Sections were fixed in 4% formaldehyde and stained with either anti-ZBP 
or anti-Arp 2/3 antibodies. 

RESULTS 

We have examined the motility of nonmetastatic and metastatic 
tumor cells in live primary tumors in vivo. Initial imaging was done 
using a conventional laser scanning pinhole confocal microscope (7, 
8). Although confocal imaging can be effective in virtually eliminat- 

ing out-of-focus light from thick objects, which is necessary for 
intravital imaging, this technique does nothing to alleviate another 
major problem of intravital imaging, phototoxicity. The technique of 

'http://www.aecom.yu.edu/home/molgen/facilities.html. 
' M. Daljeva, personal communication. ' http://ca.expasy.org/sprot/. 
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multiphoton excitation provides an elegant solution to the problem of 
phototoxicity by preventing unwanted out-of-focus excitation. Exci- 
tation is confined only to the optical section being observed (13, 22). 
The sample is illuminated with light of a wavelength that is approx- 
imately twice (or three times) the wavelength of the absorption peak 
of the fluorophore in use. In the case of GFP, which has an absorption 
peak at approximately 480 nm, 960 nm light can be used for excita- 
tion. Essentially no excitation of the fluorophore will occur at the 960 
nm wavelength out of the plane of focus because this wavelength is 
thus far removed from GFP's peak excitation wavelength. In addition, 
no bleaching will occur, nor will phototoxic products be generated in 
the bulk of the sample. A high peak power laser source is used in 
pulses that are shorter than a picosecond so that the mean power levels 
are moderate and do not damage the specimen. With this source, the 
photon density only at the point of focus will be sufficiently high for 
significant numbers of two photon events to occur to generate fluo- 
rescence. Out-of-focus interference is eliminated simply because it is 
never generated. 

Comparison of Conventional Confocal and Multiphoton 
Microscopes In Intravital Imaging of Intact Mammary Tumors 

Comparison of the laser scanning confocal microscope with the mul- 
tiphoton microscope for imaging of primary mammary tumors was done 
in live anesthetized rats with 2.5-week-old tumors (Fig. 1). In both 
imaging techniques, we found that GFP in the tamor cells is an excellent 
cytoplasmic volume marker fliat allows the entire cell outline to be 
defined in vivo in the living intact tissue (7, 8). 

Fig. lA shows two series of optical sections obtained by stepping at 
l2-fim intervals through a primary tumor in a Hve animal. The left 
panels were obtained with the conventional confocal microscope, and 
the right panels were obtained with the multiphoton microscope using 
an infrared laser and an external detector to avoid the confocal 
pinhole. Comparison of these two z-series demonstrates the superior- 
ity of the multiphoton microscope in penetrating deep within the live 
tissue to generate high-resolution confocal images. The greater depth 
of imaging of the multiphoton microscope compared with the confo- 
cal microscope is impressive when one considers that the z-series 
obtained with the multiphoton was started 36 jum inside of the 
primary tumor and not at the surface, the point at which the signal 
from the confocal microscope has fallen away. Hence, whereas the 
deepest useful image possible with the conventional confocal micros- 
copy was <40 nm, we have obtained useful images from depths of up 
to 300 ^m with the multiphoton microscope (Fig. 2E). In addition, 
signalmoise ratio does not fall off significantly throughout the z-series 
obtained with the multiphoton microscope. 

Fig. IB shows two series of optical sections identical to those in Fig. 
lA but repeated to demonstrate the relative amount of bleaching occur- 
ring upon reexposure of the same optical planes to laser light. The 
confocal z-series (left panels) is significantly bleached by repeated im- 
aging, whereas the multiphoton z-series (right panels) has usable signal; 
noise ratio at all depths. Therefore, the bleach rate is much less in the 
multiphoton microscope. In addition, these rraults demonstrate that with 
the imaging conditions used to document cell behavior in this study, 
bleaching does not affect the interpretation of time-lapse images. 

Rg. 1. Multiphoton microscopy is superior in imaging 
primary tumors more deeply and witli less photodamage. A, 
initial z-series of images taken with the confocal (left pan- 
els) and multiphoton (right panels) microscope showing the 
greater depth of imaging possible with multiphoton excita- 
tion. Ttie confocal microscope can only image to approxi- 
mately 36 fim. The first panel of the multiphoton images 
(top right panel) begins at 36 fim and shows an image of 
better quality than that of the confocal image at 0 jim (top 
left panel). Arrows point to a single cell. Double arrow 
points to ECM seen only in multiphoton microscopy due to 
second harmonic generation. B, second z-series of tlie same 
focal planes illustrates dramatic improvement in GFP sta- 
bility (right panels) in the multiphoton microscope com- 
pared with (left panels) the confocal microscope. 
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Hg. 2. Carcinoma cells in MTLn3 tumors adhere to ECM, extend pseudopods, and exliibit 
lineiff excursions toward blood vessels. Carcinoma cells in MTC (A.) and MTLn3 (B-B) 
tumors were imaged by muWphoton microscopy. 4, carcinoma cells in MTC tumors do not 
attach or orient on collagen-containing KIM fibers in vivo. A single fiber can be seen bending 
around tiie cell. Tlie arrow points to collagen fiber bent over cell. B, carcinoma cells in MTLnS 
tumors are observed to contact collagen-containing fibers. Arrowheads point to cell-matrix 
interactions. Elongated cells are hi^li^ted by brackets. Scale bar, 25 (im. C, carcinoma cell 
is seen attached to matrix fiber (black arrowhead in Q. The cell is delineatal by the white 
dotted line. D, 4 min later, the carcinoma cell has spread along the fiber by approximately 8 
(im. The red arrowhead Aows the position of attachnKnt after 4 mm. The Uadc arrowhead 
in D indicates the oripnal attachment site in C. Sate bar, 10 (un. £, in a stereo pair image, 
GFP-labeled carcinoma cells are observed entering a rhodamine-ctextran-filled blood vessel. 
Tlie cells (green) se seen on the suiface of the blood vessel (red) witii pseudopodia (yellow) 
elongating into the vessel. Arrows point to cells entering blood vessel. The image is a 120-(tm 
stacit of 30 optical planes, each taken with a multiphrton microscope and then rendered as a 
stereo pair. The initial depth of Ae image is >100 /itm. The blood space was labeled by 
injecting 2 M Dalton rhodamine-dextran i.v. into the blood space. Scale bar, 25 (im. 

Differences in Carcinoma Cell Behavior in Metastatic and 
Nonmetastatic Primary Tumors 

Intravital imaging of the behavior of cells in the MTC (nonmeta- 
static)- and MTLnS (metastatic)-derived tumors demonstrates signif- 
icant differences between the two. One of the advantages of multipho- 

ton microscopy of intact tissue is the ability to image ECM-containing 
collagen by second harmonic generation (14,23). As shown in Fig. 2, 
A and B, some carcinoma cells in MTLn3 tumors are closely associ- 
ated with collagen fibers, whereas cells in MTC tumors do not 
associate. Rare interactions between carcinoma cells in MTC tumors 
and collagen fibers do not involve the movement of cells along the 
fiber, and the cells seem to push the fibers out of the way as they move 
(Fig. 2A). In metastatic MTLn3 tumors, the carcinoma cells move 
individually when in contact with collagen fibers (Fig. 2B, arrow- 
heads). High-resolution time-lapse images of carcinoma cell move- 
ment on a collagen fiber are shown in Fig. 2, C and D, and they 
demonstrate the cell-collagen fiber interactions and linear locomotion 
exhibited in vivo by carcinoma cells in MTLn3 tumors. This result is 
consistent with the streaming like linear cell locomotion shown pre- 
viously in MTLn3 tumors with conventional confocal microscopy (7). 
In these earlier studies, we were unable to see the underlying fibers 
that caused the linearity of motion. 

The average instantaneous velocity of carcinoma cells from four 
different metastatic MTLn3 primary tumors was measured as 3.4 
^m/min. However, in all of the tumors examined, it was apparent that 
only a small fraction of carcinoma cells in the primary tumor are 
actively motile during any given imaging interval. For some of these 
cells, instantaneous velocity values were close to the persistence 
value, indicating a high degree of rectilinear motion reminiscent of 
chemotaxis (15). The velocities of —3.4 ^m/min shown by carcinoma 
cells in the MTLn3 primary tumor are higher than the velocities 
exhibited by these cells in culture during either random motihty 
(0.45 ± 0.08 fim/min, w = 8) or highly persistent motility 
(0.82 ± 0.19 fim/min, n = 8) observed in a gradient of EOF, which 
is chemotactic for these metastatic adenocarcinoma cells (24). 

Carcinoma cells in MTC tumors move at rates similar to those in 
MTLn3 tumors, but the character of the cell motility is quite different. 
In MTC tumors, the cells move over each other, and the direction of 
motility is not linear and does not appear to be guided by collagen 
fibers (Figs. 2A and 4). The long linear excursions of carcinoma cells 
along collagen fibers and in association with vessels (Fig. 2, C-E, and 
Fig. 3) seen in MTLn3 tumors are not observed in MTC tumors 
(Fig. 4). There is no motility in MTLn3 tumors in areas where there 
are no vessels or collagen fibers. This is a major difference between 
the metastatic MTLn3 and nonmetastatic MTC tumors. 

Differences in Intravasation by Carcinoma Cells in Metastatic 
and Nonmetastatic Primary Tumors 

A strong correlation exists between the density of live carcinoma 
cells in the blood and the number of both single cells and metastases 
in the lungs, establishing intravasation as a key step for metastasis (8). 
Chemotaxis of carcinoma cells within the primary tumor toward 
growth factors such as EOF that are associated with blood vessels and 

Fig. 3. Time-lapse imaging of intravasation of 
carcinoma cells in MTLai tumors. A-F, using mul- 
tiphoton imaging, a single carcinoma cell (green) is 
seen crawling along a blood vessel. The arrows 
show the direction and the distance the cell moved 
along the vessel. Images were taken 5 min qiait. 
Scale bar, 25 (tm. G, the Ml field is shown to 
orient the area in which the cell in A-F is shown. 
Blood vessels are seen as black areas through car- 
cinoma cell cords (green). The white box delineates 
the area seen in A-F. 
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Rg. 4, Carcinoma cells in MTC himors exhibit 
random motility with no relationsliip to either ECM 
or vessels. A-C, white line outlines the perimeter 
of a moving cell, whereas arrows show the direc- 
tion of movement. Another cell is seen moving into 
the plane of focus C (arrowhead). Each frame is 4 
niin apart. Scale bar, 25 ^m. 

differences in tlie ability of carcinoma cells to resist lysis upon 
intravasation were proposed to be responsible for this correlation (8). 
Supporting chemotaxis are the observations of dramatic polarity of 
carcinoma cells toward blood vessels only in metastatic MTLn3 
tumors and the high rates of chemotaxis of carcinoma cells measured 
within the primary tumor toward microneedles containing EGF and 
Matrigel (8,25). To investigate the interaction of carcinoma cells with 
blood vessels in metastatic MTLn3 primary tumors in more detail and 
to determine if carcinoma cells have the intrinsic ability to locomote 
toward blood vessels and intravasate without fragmentation, we used 
GFP expression by carcinoma cells and multiphoton microscopy to 
time-lapse image the behavior of single carcinoma cells near blood 
vessels in the MTLn3 primary tumor. As shown in Fig. 2E, carcinoma 
cells are elongated and polarized toward blood vessels, suggesting that 
there is a vessel-mediated attraction for the cells. The depth of 
imaging possible with the multiphoton microscope illustrates, in the 
three-dimensional projection in Fig. 2E, that many of the carcinoma 
cells cross the vessel wall as intact single cells. That this is an active 
process requiring each cell to cross an intact vessel wall is shown by 
the failure of i. v. injected low molecular weight fluorescent dextran to 
escape from the vessels during intravasation (Fig. 2E). Furthermore, 
time-lapse imaging of cells in contact with blood vessels demonstrates 
the ability of carcinoma cells to actively crawl into the blood vessel 
using amoeboid locomotion (Fig. 3). Finally, fragmentation of carci- 
noma cells, as observed in MTC tumors during intravasation (8), was 
not observed in metastatic MTLn3 tumors. All of these results corre- 
late directly with the large number of GFP-expressing carcinoma cells 
observed in the circulation of the MTLnS primary tumors (Fig. 5) and 
their absence from the vessels of MTC tumors (8), 

Differences in ECM between Metastatic and Nonmetastatic 
Primary Tumors 

To estimate the amount of ECM present in the primary tumor, we 
used second harmonic generation to image collagen fibers in the 
primary tumor in vivo (14, 23). As shown in Fig. 6, the amount, 
integrity, and size of the collagen fibers in the second harmonic image 
were reduced in MTLn3 compared with MTC tumors. As shown in 
Fig. 6C, metastatic MTln3-derived tumors have 2.4 times less colla- 
gen than MTC tumors. This is consistent with the general observations 
that the MTC tumors are more fibrous and less necrotic and that the 
clusters of carcinoma cells in MTC tumors are far apart due to 
intervening large collagen arrays (Figs. 2 and 6). However, as shown 
in Fig. 1, large amounts of collagen are observed near the outside edge 
of MTLn3-generated tumors, where the cells are seen adhering to and 
elongated on the collagen fibers. 

Summary of Behavioral Differences 

Based on the multiphoton microscope observations reported here 
and on previous studies with the same tumor models (8,25), there are 
five major differences in cell behavior between the MTLn3- and 
MTC-derived primary breast tumors: (a) in MTLn3 tumors, some 
carcinoma cells are associated with collagen fibers, whereas in MTC 
tumors, this is not observed; (b) linear cell motility is seen along 
collagen fibers in MTLn3 tumors; (c) there is increased carcinoma cell 
polarity and locomotion toward blood vessels in metastatic MTLn3 
tumors, whereas carcinoma cells in MTC tumors appear oriented 
toward each other, but not toward vessels; {d) carcinoma cells in 
MTLnS tumors remain intact during intravasation, whereas carcinoma 

Fig. 5. Intact GFP-expressing carcinoma cells are 
routinely observed in the circulation of MTLnS pri- 
mary tumors. A GFP-labeled carcinoma cell can be 
seen rolling down the side of a vessel. TTie vessels are 
imaged by contrasting the vessels against the fluores- 
cent tumor using a SIT camera and capturing frames at 
30 firames/s. The cell moves through the vessel at 3.3 
(im/s. Carcinoma cells are seen in blood vessels 6-fold 
more often in MTLn3 tumors than in nonmetastatic 
MTC tumors, appearing at a rate of 2.2 ± 0,72 cells/ 
min in MTLn3 as compared with 0.34 ± 0.13 cells/ 
min for MTC tumors. Scale bar, 25 jim. 
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Fig. 6. MTC tumors have more collagen-containing ECM than MTXnS tumors. By imaging the second harmonic signal of ECM using multiphoton microscopy, the difference in 
collagen content between the two tumor types was determined. A, MTC tumors at 35 iim depth into the tumor can be seen to have mom matrix than (B) MTLn3 tumor at the same 
depth of focus. Tie images were collected through a blue/green dichroic wifl, a wavelength cutoff below 500 nm, so only the second harmonic signal was collected The tumors used 
to generate these images did not contain GFP to avoid stray fluorescence. C, by calculating the pixel intensity for the captured volume of a z-series of each tumor MTC tumors are 
seen to have on average of 2,4 times more matrix than MTLn3-generated tumors, n = 4. Tlie laser power and photomultiplier tube gain were constant for all measurements 

cells in MTC tumors fragment; and (e) collagen fiber density is higher    has been shown to be overexpressed in most tumors and can be used 
in MTC tumore. These behavioral differences predict seven categories 
of molecular differences between metastatic and nonmetastatic tumors 
as follows: (a) ECM composition; (b) adhesion molecules; (c) cy- 
toskeleton involved in motility; (d) mechanical stability and survival; 
(e) cell polarity; (f) chemotaxis toward vessels; and (g) proteolysis of 
collagen. 

as a novel human tumor marker (27-29). Our microarrays detected 
larger differences in culture than in the primary tumors in ZBP-1 
expression, whereas real-time PCR reproducibly showed a large in- 
crease in expression in both cultured MTC cells and whole MTC 
tumors. 

Identification of Differentially Expressed Genes in MetMtatIc 
and Nonmetastatic Primary Tumors and Tlieir Progenitor 
Tumor Cells 

To obtain a profile of differential gene expression that is associated 
with the behavioral differences observed between MTLn3- and MTC 
cell-derived primary tumors, whole primary tumore were isolated 
from host animals and subjected to cDNA microarray analysis on 
9700 gene arrays. We also studied the cultured cells from which the 
primary tumors were derived because they are a more homogeneous 
cell population than whole tumors (24). Comparative differential gene 
expression analysis of metastatic and nonmetastatic tumors and their 
progenitor cells in culture revealed only 161 genes with differential 
expression patterns in both tumors and their progenitor cells in cul- 
ture. Supplemental Table 2 shows the complete list of differentially 
expressed genes. Of these, 119 genes are more highly expressed (at 
least 1.6X) in MTC compared with MTLn3 tumors, and 42 genes are 
more highly expressed (at least 1.6X) in MTLn3 compared with MTC 
tumors. Among the genes with known functions, at least 70 of them 
(shown in bold in Supplemental Table 2) are known to be involved in 
cancer invasion and metastasis. In addition, 61 expressed sequence 
tags of unknown fimction also showed different patterns of expres- 
sion. To relate cell behavior to gene expression, in this study we 
therefore focused on the genes of known ftmction and related them to 
each of the behavioral phenotypes seen in vivo. 

Validation of Array Data by QRT-PCR 

We verified the array results using real-time PCR for selected 
genes. As shown in Fig. 7, in general, most genes showed the same 
pattern of expression with both array and real-time PCR. However, 
studies have shown that fluorescent dye-based microarrays can be less 
sensitive than the PCR-based differential display method in detection 
of low abundance mRNA species (26). One of these mRNAs, ZBP-1, 
which regulates cell polarity by targeting mRNA to the leading edge. 
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Rg. 7. Validation of microatiay results for selected genes by QRT-PCR. Comparison 
of expression analyses in cells in culture (top panel) and whole tumors (bottom panel) 
gives similar results for cDNA microarrays and QRT-PCR, except for low abundance 
mRNAs such as ZBP-1. 
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encoding laminin-S yl chain, is found to be more highly expressed in 
MTLn3 tumors and cells in culture (Table 1). The laminins are 
components of basement membranes that are believed to act as a 
mechanical barrier against carcinoma cell invasion (4). Laminin-5 is 
also reported to stimulate cell migration after proteolysis. Two other 
genes highly expressed in MTC tumors and cells are Ecml encoding 

Correlation of Cell Behavior with Gene Expression Patterns 

Imaging of cell behavior within the tumor provided a way to 
interpret the cDNA microarray analyses. In this approach, genes with 
different expression patterns and known cellular functions were di- 
vided into seven categories of genes predicted from the behavior of 
carcinoma cells in vivo (Table I). 

ECM Composition. A major behavioral difference between MTC ^*-'^ protein 1 and Comp encoding cartilage oligomeric matrix pro- 
and MTLn3 tumors is the abundance of collagen fibers in MTC    *^'" (Table 1). 
tumors. Consistent with this is the overexpression of several collagen Adhesion Molecules. In the category of adhesion molecules, both 
genes involved in ECM assembly {CoBal, Col5a2, and Col6a3) in E-cadherin and P-cadherin show much higher expression in MTLn3 
MTC tumors and cells in culture (Table 1). cells and tumors (Table 1). MTLn3 tumors and cells also express more 

Two laminin genes, iomaJ and lMmc2, are found to be differen- of tight junction protein 2, a protein that may play a critical role in 
tially expressed in these two tumor types. LomaJ, encoding laminin cell-cell adhesion (30). Two other major adhesion molecules, CD151 
a-5, is more highly expressed in MTC cells and tumors. Lamc2 gene,    and Adaml9, were found to be highly expressed in MTC tumors and 

Table 1 List of genes that are differentially expressed and correlated with cell behavior in MTLnS and MTC tumors 

Gene functions are based on NCBI PubMed, SwissProt data base (http://ca,expasy.org/sprot/) and OnUne Mendelian Inheritance in Man (,http://www.ncbi.nlm nih eov/omimA NC 
no change detected by array. Numbers in parentheses indicate the changes detected by QRT-PCR. 

Gene names organized by 
gene function 

GenBank 
accession no. Protein 

Mean MTLn3:MTC 
(culture) 

ECM composition 
ColSal W89883 
ColSa2 AA034564 
Col6a3 W16221 
Lamcl W49392 

W09048 
LamaS AA04925I 
Ecml AA474897 
Contp AA064293 

Adhesion molecules 
Cdki W12889 
Cdhl AA276110 
Tjp2 W91219 
CdlSI AA050218 
Adaml9 AA138786 

Cytoskeleton involved in motility 
EST W47753 
Cappal AA414612 
Cttn W96939 
Pfnl AAl 39628 
Rock2 AA098168 

Mechanical stability and survival 
KrtI-19 AA028346 
Krtl-13 AA080232 
Krt2-1 W63927 
Rab25 AAS38228 
RaU9 AAI18762 
BcUm AA426964 
Met AA212170 
EST AA471761 
Pdcd AA465936 

Cell polarity 
Zbpl(crdbp> AA073514 
Staul AA270608 
Ee/lal AA259551 

Chemotaxis toward vessels 
Bgfr AA237224 
EST AA059642 
Cav AA138693 
Pakl AA061378 
MapkJ AA395937 
Pgfrl AA272097 
IgfbpS AA241784 
Lefl AAn9479 
Gpcr26 W97046 
Gtr2 W70912 
Tbkl AA475369 
EST AA049480 

WI3196 
SppI AA10892S 
9-sep W33661 

Proteolysis of collagen 
Bmpl W82677 
Spi4 AA218279 
Timp2 AA444490 
Csti W786SI 
Mmp2 W80177 

Mean MTLn3:MTC 
(tumor) 

Collagen, type ID, a 1 
Collagen, type V, o 2 
Collagen, type VI, a 3 
Laminin, y 2 
Laminin, y 2 
Laminin, o 5 
ECM protein I 
Cartilage oligomeric matrix protein 

CadhMin 3, P-cadherin 
Cadherin 1, E-cadherin 
Tight junction protein 2 
CD15I antigen 
A disintegrin and metalloproteinase domain 19 

AR16_Human ARP2/3 complex M^ 16,000 subunit 
Capping protein 1 
Cortaetin 
ProfiHn 2 
Rho-associated coiled-coil fomiing kinase 2 

Cytokeratin 19 
C^tokeratin 13 
Keratin complex 2, basic, gene I 
Member Ras oncogene family 
Member Ras oncogene family 
BCL2-HkelO 
Met proto-oncogene 
Cellular apoptosis susceptibility protein 
Programmed cell death 4 

Zip code-binding protein 1 
Staufen 
EFl-o 

EGFR 
EGFR-pathway-substrate 8, EPS8 
Caveolin, caveolae protein, M^ 22,000 
PAKl serine/threonine kinases 
Mitogen-activated protein kinase 7 
FGF receptor I 
lOF-binding protein 5 
Lymphoid enhancer-binding factor 1 
G-protein-coupled receptor 26 
Small GTPase 
TANK-binding kinase TBKl 
Bone morphogenetic protein 3 precursor 

Secreted phosphoprotein I, also as osteopontin (OPN) 
Septin 9 

Bone morphogenetic protein 1 
Serine protease-inhibitor 4 
Tissue inhibitor of metalloproteinase 2 
Cystatin 3 
Matrix metalloproteinase 2 

0.01 
0.05 
0,22 
4.23 
3.18 
0.52 
0.09 
0.31 

9.19 
9.82 
2.96 
0.16 
0.13 

6.31 
NC 
0.23 
0.22 
NC 

12.30 
NC 
0.24 
7.99 
2,26 
NC 
2.55 
0.62 
0.30 

0.08 
0.48 
NC 

20.12 
NC 
0.04 

0.15 
0.19 
0.11 
1.74 
1.96 
0.53 
0.37 
0.60 

3.00 
3.31 
2.16 
0.29 
0.41 

5.45 
2.65 
0.58 
0.35 
2.13 

7.97 
2.79 
0.43 
6.38 
1.66 
3.07 
1.96 
0.64 
NC 

NC (0.027) 
NC 
2.69 

NC (2.0) 
2.77 
0.17 
0.53 
0.39 
0.35 
0.14 
0.26 
0.20 
0.45 
0.52 
0.44 
0.35 
0.07 
0.42 

1.72 
0.11 
0.19 
0.22 
0.15 
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Hg. 8. ZBP-1, EFl-a, and Aip2/3 are differentially expressed at the protein level in MTLn3 and MTC cells. ZBP-1 is localized to the polarized leading edge of carcim oma cells 

:MTC 

that detects ZBP-1. ZBP-1 is localized to the leading edge of MTC cells" whereas MTLn3 cells show a diffuse distribution' MTC tumors'(D) mi MTLnTtumore (5 were pown in 
rats for 3 weeks and then surgically removed, cryosectioned, and stained with antl-p62 antibody that detects ZBP-1. Note the polarized distribution of ZBP-1 to one pole of each cell 
only in carcinoma cells of MTC tumors (arrows). 

cells (Table 1). Transmembrane 4 superfamily protein CD151 asso- 
ciates with ^, and anb^j integrins in hemopoietic cell lines and 
modulates cell-cell adhesion (31). Adaml9/adamalysin-19 (a disinte- 
grin and metalloproteinase) is involved in proteolysis, adhesion, fu- 
sion, and intracellular signaling (32). 

Cytoskeleton Involved in Motility. Microarray analysis shows 
that the M, 16,000 subunit of the Arp2/3 complex is greatly overex- 
pressed in MTLnS cells and tumors (Table 1). Because the pl6 
subunit is the only Arp2/3 component spotted on the array, we tested 
the expression level of subunit p34, a marker for the Arp2/3 complex 
(33), at the protein level using Western blotting. These results indicate 
that MTLn3 cells express at least 2-fold more p34 at the protein level 
(Fig. 8A). Capping protein is more highly expressed in MTLn3 
tumors, but not cells (Table 1). Capping protein caps the barbed ends 
of actin filaments to regulate actin dynamics (34). 

Another gene highly expressed in MTLnS tumors is R0CK2 (Table 
1). ROCK2, an isozyme of ROCKl, is a direct downstream target of 
Rho (35). 

Cortactin is involved in stimulating the binding of activated Arp2/3 
complex to the sides of actin filaments to decrease debranching (36). 
Unlike the Arp2/3 complex, cortactin was more highly expressed in 
MTC cells and tumors (Table 1). 

Profilin was also more highly expressed in MTC cells and tumors 
(Table 1). Profilin increases the on-rate of actin monomers at the 
baited end sufficiently to lower the critical concentration for actin 
polymerization (34). 

Mechanical Stability and Survival. MTLn3 cells and tumors 
exhibit dramatic overexpression of keratins 19 and 13, whereas MTC 
cells and tumors express a higher level of keratin complex 2 (Table 1). 
In addition, the array data show that MTLn3 cells and tumors express 
more apoptosis suppressors such as Rabl9, Rab25, BCL2110, and Met 
(37). Also consistent with cell fragmentation in MTC tumors, MTC 
cells and tumors express more programmed cell death and cellular 
apoptosis susceptibility proteins such as Pdcd and Casp (cellular 
apoptosis susceptibility protein). 

Cell Polarity, ZBP-1 and staufen expression in MTLnS cells was 
much lower compared with MTC cells in culture (Table 1). To detect 
differences in expression of this low abundance message in tumors, 
QRT-PCR was used for ZBP-1 as described above and shown in Fig. 
8. A very large overexpression of ZBP-1 was demonstiated in both 
MTC cells and tumors compared with MTLnS samples. ZBP-1 is a 
RNA-binding protein that binds to the mRNA zip code and functions 
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to localize p-actin mRNA (19). MammaUan Staufen is a double- 
stranded RNA-binding protein potentially involved in mRNA trans- 
port and localization (38). 

To confirm the increased expression of ZBP-1 at the protein level 
in MTC cells and tumors, immunohistochemistry was performed 
using anti-ZBP-1 antibody in both cultured cells and tumors. The 
pixel intensity showed that in cultured cells, MTC cells and carcinoma 
cells in MTC-generated tumors express more ZBP-1 compared with 
MTLnS cells. Western blots also showed that MTC cells express 
13-fold more ZBP-1 than MTLnS cells (Fig. M). In addition, as 
shown in Fig. 8, B-E, ZBP-1 was foimd to be polarized in MTC cells 
in culture and in carcinoma cells within the primary tumor, whereas 
ZBP-1 was diffusely distributed in both MTLnS samples. 

A related protein, BFla, was found to be more highly expressed in 
MTLn3 cells (Table 1), which is consistent with its overexpression at 
the protein level in MTLnS cells (20). EFla is an elongation factor 
that is involved in mRNA anchorage at the leading edge in polarized 
cells, and its overexpression in correlated with delocalization of 
mRNA (39). 

Chemotaxis toward Vessels. Another major behavioral difference 
was chemotaxis to EOF of MTLnS cells but not MTC cells as 
observed both in culture and in tumore (24, 25). Consistent with this, 
expression data showed significant differences in the expression of 
genes encoding chemotaxis and signal transduction molecules that are 
known to play roles in cancer invasion and metastasis (Table 1). The 
high level of EGFR in MTLnS cells is consistent with previous studies 
(^). EGFR signaling involves small GTPases of the Rho family, and 
EGFR trafficking involves small GTPases of the Rab family. Lanzetti 
et al. (41) reported that the EPS8 (EGFR pathway substrate 8) protein 
coordinates EGFR signaling through Rac and trafficking through 
RabS. We detected S-fold more expression of EPS8 in MTLnS tumors 
compared with MTCs. 

Array analysis shows that caveolin is highly expressed in MTC 
cells and tumors (Table 1). Caveolin-1 is a principal component of 
caveolae membranes and may function as a tumor suppressor. Inter- 
estingly, MTLnS cells fail to express detectable levels of endogenous 
caveolin-1, In a recent study (42), an inducible adeno viral gene 
delivery system was used to achieve tightly controlled expression of 
caveoUn-1 in MTLnS cells. Caveolin-1 expression in MTLnS cells 
inhibits EGF-stimulated lamellipod extension and cell migration and 
blocks anchorage-independent cell growth. This result suggests that 
caveolin-1 expression in MTC cells causes a nonmotile phenotype, 
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PAKl, which is more highly expressed in MTC tumors and cells 
(Table 1), promotes the disassembly of stress fibers and focal adhe- 
sions. PAKs may regulate cytoskeletal dynamics by decreasing my- 
osin light chain kinase activity and myosin light-chain phosphoryla- 
tion (43). 

Other signaling genes more highly expressed in MTC tumors and 
cells (Table 1) are genes encoding FGF (FGF), IGF-binding protein 5 
(IGPBP5), mitogen-activated protein kinase 7, lymphoid enhancer 
factor 1 (Lefl), G protein-coupled receptor 26 (Gpcr26), glutamyl- 
tRNA reductase 2 (Gtr2), Tank binding kinase (Tbkl), and bone 
morphogenetic protein 3 (Bmp3). They are documented to be involved 
in different signaHng pathways. Sppl, the gene encoding secreted 
phosphoprotein 1, a phosphorylated glycoprotein with diverse func- 
tions in cell adhesion and chemoattraction, is highly expressed in 
MTC tumors and cells (Table 1). Septin 9 is also highly expressed in 
MTC samples. It is implicated in a variety of cellular fiinctions 
involving specialized regions of the cell cortex and changes in cell 
shape. 

Proteolysis of Collagen. MTLn3 cells express much more BMPl 
than MTC (Table 1). The BMPI locus encodes a procollagen C 
proteinase, a secreted metalloprotease requiring calcium (44, 45). A 
recent study (45) found that BMPl cleaves the laminin-5 (LAMA3) 
chain at sites within the G4 subdomain and the Ilia domain and that 
BMPl cleaves the LAMC2 chain within the second BGF-like repeat 
of domain III. Consistent with the observation of more intact collagen 
in MTC tumors is the finding that Spi4, Cst3, and TIMP2, all inhib- 
itors of proteinases, are overexpressed in MTC cells and tumors 
compared with MTLn3 samples (Table 1). TIMP 2, a M, 21,000 
protein that is secreted by melanoma cells and binds to type IV 
collagenase proenzyme secreted by the same cells, has been shown to 
block tumor cell invasion both in vitro and in vivo, suggesting that it 
acts as metastasis suppressor gene. However, Mmp2 encoding matrix 
metalloproteinase-2 (MMP2 or type IV collagenase, M, 72,000), is 
also highly expressed in MTC tumors and cells (Table 1). 

DISCUSSION 

The Interaction of Carcinoma Cells with ECM. Carcinoma cells 
in metastatic MTLn3 tumors are associated with and locomote on 
collagen-containing fibers, whereas this is not seen in MTC tumors. 
This suggests that either adhesion molecules mediating the attachment 
of carcinoma cells to collagen-containing ECM are different or the 
signals for cell adhesion and motility associated with collagen- 
containing fibers are different between MTC and MTLn3 tumors. The 
array analysis did not detect any large differences in integrin receptor 
expression, which is inconsistent with the first possibility. 

A large increase in cadherin expression was found in MTLn3 
tumors and cells. Cadherins are a family of calcimn-dependent adhe- 
sion molecules involved in cell-cell aggregation and epithelial forma- 
tion. Dysftinction of the cadherin pathway is involved in tumor 
invasiveness and disease progression for a variety of carcinomas (46). 
High levels of cadherin expression have been correlated with loss of 
cell-cell adhesion when proteolysis of the extracellular domain of 
cadherin generates peptides that disrupt the homotypic cadherin in- 
teraction on neighboring cells leading to invasion (47). The high 
levels of expression of proteases and low levels of expression of 
TIMPs in MTLn3 tumors are consistent with this possibility. In 
ovarian carcinoma cells of epithelial origin, cadherin expression pro- 
motes invasion, presumably by providing the adhesion and traction 
required for migration (48). 

Collagen expression was lower, and collagen content, as measured 
by second harmonic generation, was significantly reduced in MTLn3 
tumors. This latter observation is correlated with the higher levels of 
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proteinase expression and lower levels of proteinase inhibitor expres- 
sion in MTLn3 tumors compared with MTC tumors, suggesting 
significantly more proteolysis of ECM in MTLn3 tumors. These 
observations are consistent with the possibility of a large difference in 
signals for adhesion and motility in association with collagen fibers 
between MTLn3 and MTC tumors because proteolytic products of 
collagen are well known to stimulate adhesion and cell motility in 
culture (24). Chemotaxis to fragments of ECM has also been reported 
(4), suggesting that proteolysis in the local cell environment may eUcit 
directional cell motility along ECM fibers as observed in MTLn3 
tumors. 

To invade, carcinoma cells need to penetrate through the basement 
membrane and remove ECM tissue boundaries (4). In this context, 
proteases are believed to play a key role because they can either 
degrade or process the ECM components and thereby support inva- 
sion and intravasation. The pattern of proteinase production and 
relative lack of proteinase inhibitors in MTLn3 tumors support the 
observed increase in invasion and intravasation in live animals. 

Polarity and Chemotaxis of Carcinoma Cells toward Blood 
Vessels. One of the most remarkable observations made in live tu- 
mors both here and in previous studies was the dramatic polarization 
of carcinoma cells toward blood vessels in metastatic MTLn3 tumors 
(8). This was correlated with large differences in chemotaxis toward 
locally applied EOF in the primary tumor (25), increased blood 
burden of carcinoma cells in MTLn3 tumors as shown here, and 
metastatic efficiency (8), indicating that chemotaxis to blood vessels 
could increase the efficiency of intravasation and metastasis. Cell 
polarity and chemotaxis toward vessels could be induced by chemoat- 
tractant diffusing from the blood vessel. Growth factors including 
EGF, platelet-derived growth factor, FGF, and IGF are present in 
serum, macrophages, platelets, and smooth muscle cells associated 
with vessels (49-52). Release of growth factors from these cells or 
endothelial cells could provide a gradient that would produce a 
chemotactic response. Both our array data and results from other 
groups (40) demonstrate that MTLn3 cells express more EGFRs than 
MTC cells, and the data reported here show a significantly greater 
expression in MTLn3 tumors. However, MTC cells and tumors ex- 
press much higher levels of FGF receptor and IGF-binding protein 
than MTLn3 cells and tumors. This suggests that chemotaxis toward 
vessels is specific to EGF because carcinoma cells in MTC tumors do 
not polarize and chemotax toward vessels. Experimental expression of 
the EGFR in MTC cells increases chemotactic responses to EGF in 
vitro and metastatic ability in vivo (9,53,54). Expression of the EGFR 
and its homologues, such as ErbB-2, has been correlated with poor 
prognosis in human breast tumors (55). Finally, chemotaxis to EGF 
has been demonstrated within MTLn3 primary tumors using mi- 
croneedles containing Matrigel and EGF (25). Therefore, chemotaxis 
to blood vessels, mediated by the EGFR, is important in enhancing 
metastatic capability in addition to the well-characterized effects of 
EGFR signaling on mitogenesis. 

Another positive correlation resulting from the comparison of cell 
behavior and expression analysis is the relationship between cell 
polarity and chemotaxis toward blood vessels. As reported previously 
(8, 12), metastatic primary tumors contain carcinoma cells that form 
loose clusters of rounded, nonpolarized cells except near blood ves- 
sels, where they are highly polarized toward vessels. Nonmetastatic 
primary tumors contain carcinoma cells with intrinsic polarity that are 
elongated and polarized in tight sheets regardless of the presence or 
absence of blood vessels. This was confirmed by examination of both 
the histopathology and intravital images of tumors (7, 8, 12, 25). 
Furthermore, the polarity of carcinoma cells in MTC tumors is closely 
correlated with the intrinsic polarity of the MTC cells in culture, 
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which exhibit polarized crawling, whereas MTLn3 cells do not exhibit 
intrinsic polarity and undergo random wallcing in culture (12). 

A key difference between these cells that may explain the differ- 
ence in intrinsic polarity is the targeting of mRNA for p-actin to the 
leading edge. In the array data reported here, MTC cells express much 
more ZBP-1, and this was confirmed at the protein level by Western 
blotting and immunohistochemistry. ZBP-1 is polarized at the cell 
pole in MTC cells in culture and in tumors, whereas it is diffuse in 
MTLn3 samples. This is correlated with the failure of MTLn3 cells to 
target fl-actin mRNA to the leading edge and the failure to develop 
intrinsic polarity resulting in random walking (12). The mechanism 
relating mRNA targeting to the leading edge and intrinsic cell polarity 
involves the localization of P-actin nucleation to the leading edge 
during motility. Disruption of mRNA targeting to the leading edge 
using oligonucleotides that disrupt the interaction between ZBP-1 and 
the targeting sequence in the mRNA, the zipcode, results in delocal- 
ization of mRNA and ^-actin nucleation sites and the disruption of 
cell polarity (56). The overexpression of ZBP-1 in MTC cells relative 
to MTLn3 cells is consistent with the higher level of intrinsic cell 
polarity of MTC cells in culture and in tumors. In general, cells that 
lack a fixed intrinsic polarity are more chemotactic to exogenous 
gradients presumably because there is no intrinsic polarity to be 
overcome by the exogenous chemotactic signal (12, 25, 56). This 
might explain why MTLn3 cells, with relatively low expression of 
ZBP-1 and no intrinsic polarity, were more polarized in a chemotactic 
field near blood vessels. 

Cell Motility. A major difference between the motility of carci- 
noma cells in MTC and MTLn3 tumors is the local and nonlinear 
movement of cells in MTC tumors compared with the long linear 
excursions of carcinoma cells along collagen fibers and toward blood 
vessels seen in MTLn3 tumors. This is quite different from the 
motihty of these cells in culture, where MTC cells exhibit linear 
crawling compared with the random walking of MTLn3 cells. This 
apparent reversal of behavior suggests that the motility of carcinoma 
cells in MTLnS tumors is dominated by chemotaxis signals emanating 
from the processing of ECM and by chemoattractants associated with 
blood vessels. In addition, our array data suggest additional differ- 
ences between MTC and MTLn3 cells in the expression of key 
proteins involved in leading edge dynamics that might contribute to 
enhanced chemotaxis ability. 

Two fimctionally related proteins that are overexpressed in MTLnS 
tumors and cells are the Arp2/3 complex and capping protein. The 
Arp2/3 complex is an EGFR-linked actin nucleation complex in the 
leading edge that nucleates actin filaments to elongate against the cell 
membrane to form lamellipods (33, 57). This event determines cell 
polarity in response to EOF stimulation and is a key first step in 
chemotaxis (24, 33). The greatly increased expression of Arp2/3 
complex in MTLn3 cells is expected to significantly enhance chemo- 
taxis of carcinoma cells in MTLn3 tumors and in culture because 
inhibition of the nucleation activity of Arp2/3 complex in carcinoma 
cells inhibits chemotaxis to EOF (33). In addition, the higher expres- 
sion of capping protein in MTLn3 tumors is expected to greatly 
enhance the efficiency of nucleation by Arp2/3 complex (34). 

A functionally related protein that is overexpressed in MTC cells 
and tumors is cortactin. Cortactin is tyrosine phosphorylated in re- 
sponse to FGF and EOF in fibroblasts (58) (59) and binds to Arp2/3 
complex and stimulates its nucleation activity weakly but strongly 
stabilizes Arp2/3-mediated filament branches (36). The relative over- 
expression of cortactin in MTC cells and tumors reported here is 
consistent with the higher level of intrinsic polarity of carcinoma cells 
in MTC tumors and in culture, where the stabilizing effect of cortactin 
on the actin network at the leading edge could stabilize cell polarity. 

Mechanical Stability and Survival during Intravasation. The 
majority of tumor cells that enter the circulation are rapidly eliminated 
by the immune system or apoptosis. Fibrin deposits, platelet aggre- 
gation, and cell adhesion in tumor emboli may protect circulating cells 
from mechanical trauma, facilitate their arrest in capillary beds, and 
protect tumor emboli from destruction by host immunity (60). From 
our array data, we have found that carcinoma cells in MTLn3 tumors 
and culture highly express laminins and cadherins and apoptosis 
suppressor genes, all of which may contribute to survival in the 
circulation. In contrast, carcinoma cells in MTC tumors and culture 
express genes involved in programmed cell death at higher levels. The 
combination of these factors may contribute to the increased numbers 
of viable carcinoma cells in the circulation of MTLn3 tumors. 

A novel observation resulting from intravital imaging of these 
tumors is the dramatic fragmentation of carcinoma cells when in 
contact with blood vessels in MTC tumors (8) compared with the 
ability of carcinoma cells in MTLn3 tumors to enter blood vessels as 
intact whole cells as shown here. A potential explanation for this 
difference in behavior is the large relative overexpression of cyto- 
keratins by carcinoma cells in MTLn3 tumors. These keratins form the 
largest subfamily of intermediate filament proteins and play critical 
roles in the mechanical stability of epithelial cells subjected to shear 
forces (61). 

In conclusion, we have developed animal models of breast cancer 
that allow the direct examination of the behavior of individual GFP- 
expressing carcinoma cells in Uve nonmetastatic and metastatic pri- 
mary tumors in situ. When combined with multiphoton microscopy to 
image differences in cell behavior, insights into the microenvironment 
of carcinoma cells in the primary tumor can be obtained. When 
correlated with results from cDNA microarray analyses, the behav- 
ioral insights allow the identification of potentially important genetic 
determinants for breast cancer invasion and metastasis. We conclude 
that aligning cell behavior in vivo with patterns of gene expression can 
lead to the molecular mechanisms behind invasion and metastasis. 
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